Cleistogamous species constitute strong evidence for the stability of mixed selfing and outcrossing but have been largely overlooked as theoretical and empirical systems for studying the forces thought to influence matingsystem evolution. Inbreeding depression is expected to play a major role in the maintenance of outcrossing, yet reliable estimates of inbreeding depression for cleistogamous species are virtually nonexistent. We estimated both population-and family-level inbreeding depression for all life cycle stages for a population of the cleistogamous perennial Viola septemloba. Our estimate of cumulative inbreeding depression of 43% is substantially greater than two previous estimates for cleistogamous species, but it is not sufficient by itself to explain the maintenance of potentially outcrossed chasmogamous flowers.
Introduction
Inbreeding depression, the reduction in fitness caused by reproduction via inbreeding rather than outcrossing, plays a major role in the evolution of mating systems (Goodwillie et al. 2005) . In hermaphroditic organisms, the average magnitude of inbreeding depression in a population strongly influences whether selection will favor increased self-fertilization or increased outcrossing. As a consequence of its pivotal role, inbreeding depression has been estimated for populations of many plant species (Husband and Schemske 1996; Armbruster and Reed 2005) , but reliable estimates are virtually absent for cleistogamous taxa, an intriguing group of species that have been overlooked by most mating-system theory.
Individuals of cleistogamous species can produce both open chasmogamous (CH) flowers that are available for outcrossing and closed cleistogamous (CL) flowers that obligately self-fertilize. The ability of single individuals to produce both CH and CL flowers has been reported in 536 species in 41 different families (Culley and Klooster 2007) . These taxa exemplify mixed mating, a combination of selfing and outcrossing, which constitutes a persistent puzzle for the theory of mating-system evolution (Goodwillie et al. 2005) . The most general matingsystem theory indicates that inbreeding depression >50% favors the evolution of complete outcrossing and that inbreeding depression of <50% favors complete selfing. A mixture of outcrossing and selfing is therefore not expected to be evolutionarily stable (Lloyd 1979; Lande and Schemske 1985; Charlesworth and Charlesworth 1987) .
The repeated evolution and persistence of cleistogamy (Culley and Klooster 2007) are clearly at odds with the expectation that mixed mating is not stable, making these species attractive systems in which to study forces that affect the selective balance between self-fertilization and outcrossing.
The threshold inbreeding depression necessary to favor outcrossing should be greater than 50% for cleistogamous species because the greater energetic economy and more reliable fruit set of CL flowers (Schemske 1978; Waller 1979) can mitigate negative effects of inbreeding. This scenario suggests that very strong inbreeding depression would be required to favor the maintenance of CH flowers (Oakley et al. 2007 ).
Theoretical models suggest that the production of both CH and CL flowers may be maintained as adaptive phenotypic plasticity, in which each flower type is favored in a different season (Schoen and Lloyd 1984) , or as a way to avoid geitonogamy, in which CL flowers increase seed set and reduce selfing between costly CH flowers (Masuda et al. 2001) . There is little empirical evidence to support or refute either of these models (Oakley et al. 2007 ), but both rely on a presumed advantage of CH reproduction to balance the energetic economy of CL selfing, and avoidance of inbreeding depression may be a component of this advantage.
Many studies of cleistogamous species report estimates of the fitness of progeny produced by CH and CL flowers. For 19 such studies of 14 species, the average fitness of progeny produced by CL flowers was 1.13 times that of progeny from CH flowers (Oakley et al. 2007) , indicating that inbreeding depression would be negative, but these data do not provide an accurate assessment of inbreeding depression, for two reasons. First, CH flowers are self-compatible and are known to self at appreciable rates (Mitchell-Olds and Waller 1985; Waller and Knight 1989; Cole and Biesboer 1992; Lu 2000; Culley 2002 ). The inclusion of selfed offspring in the sample used to estimate the fitness of outcrossed progeny would downwardly bias estimates of inbreeding depression. Second, seeds produced by CH and CL flowers often differ in traits such as size and germination behavior (McNamara and Quinn 1977; Zeide 1978 ) that can influence offspring fitness and thereby confound inbreeding depression with the effects of nongenetic differences in seed phenotype. This second problem also compromises estimates of inbreeding depression based on 1 Author for correspondence; e-mail: coakley@bio.fsu.edu. the fitness of progeny from hand-outcrossed CH flowers and progeny of CL flowers (McCall et al. 1989; Schmitt and Gamble 1990; Lu 2002) .
Only two studies have estimated inbreeding depression from the fitnesses of offspring from selfed and outcrossed CH flowers of cleistogamous species. Trapp and Hendrix (1988) reported inbreeding depression for seed germination of Amphicarpea bracteata to be À41%. Culley (2000) reported inbreeding depression of 10% from seed set of hand crosses through adult progeny biomass for the perennial Viola canadensis. Estimates for both species are considerably less than 50%, indicating that selection would favor an increase in CL flowers at the expense of CH flowers, but neither estimate is likely to be accurate. The estimate for A. bracteata includes only one stage of the life cycle, and differences between inbred and outcrossed progeny expressed at later stages could affect the magnitude and even the direction of the estimate. The estimate for V. canadensis may be low because it is based on the relative fitnesses of progeny raised in a greenhouse, and on average, such estimates are lower than those for progeny grown in natural environments (Armbruster and Reed 2005) .
In addition to population-level inbreeding depression, the rate and potentially the direction of mating-system evolution will be influenced by the amount of variation among lineages in the magnitude of inbreeding depression (Uyenoyama et al. 1993) . Variation among families in the magnitude of inbreeding depression is common (Pico et al. 2004 and references therein) but has not been estimated for any cleistogamous species.
We estimated inbreeding depression from hand-selfed and outcrossed CH flowers for all life cycle stages from seed set through reproduction of the resulting progeny for the cleistogamous perennial Viola septemloba. We assessed the extent to which environmental conditions bias estimates by measuring inbreeding depression for both field-and greenhouse-grown parents and progeny. In addition to estimating populationlevel inbreeding depression, we also determined the pattern of variation in inbreeding depression among families.
Material and Methods

Study System
Viola septemloba (Violaceae) is a short-lived perennial cleistogamous herb found throughout the understory of southeastern coastal forests of the United States (Fernald 1970) . It typically lives 8 yr or more. Adult V. septemloba produce CH flowers in the early spring and CL flowers in the late summer. In the field, large individuals produce an average of 1.5 flowers of each type per year (C. G. Oakley, unpublished data), and smaller plants may produce only CL flowers, indicating a minimum population selfing rate >50%.
Experimental Design
In November 2001, we collected 30 adult V. septemloba from Saint Marks National Wildlife Refuge (St. Marks NWR) in Wakulla County, Florida, to serve as parents for self and outcross pollinations. We collected plants that were at least 5 m apart to minimize relatedness. Plants were transplanted into 4-in pots with a 3 : 1 mixture of potting soil and sand and grown in the greenhouse at Florida State University.
In January 2002, we performed controlled outcross and selfpollinations on each maternal plant that produced CH flowers (26 of the 30 plants). Unlike naturally occurring field plants, most of these greenhouse-grown plants produced three or more CH flowers. For outcross pollinations, recipient flowers were emasculated 2 d before anthesis, and a mesh bag was placed over the flower. Two days later, we applied pollen from a donor (chosen at random from among the remaining plants) to the stigma, using a dissecting probe, and rebagged the flower. For the self-pollinations, a mesh bag was placed over the flower 2 d before anthesis. At anthesis the flower was emasculated, pollen from the excised anthers was applied to the stigma, and the mesh bag was replaced. The same flower was used as dam and sire for the self-pollinations because the plants rarely produced more than one CH flower at a time. Pollinations were continued through March 2002, when CH flowering ceased, for a total of 74 pollinations on 26 maternal plants.
An additional 92 naturally occurring adults at St. Marks NWR were randomly chosen to serve as parents for crosses conducted in the field. For ca. 1 mo beginning in January 2002, controlled pollinations were conducted as described, for a total of 110 pollinations on 78 of these plants that produced CH flowers.
To determine whether the process of emasculation resulted in accidental self-pollination, we emasculated and bagged 62 flowers in the field and greenhouse in 2002. Because the self and outcross pollinations differed in the timing of emasculation, we conducted a separate assay to measure the effect of timing of emasculation on fruit set. We performed 74 controlled crosses in which approximately half of the flowers were emasculated and bagged 2 d before pollination and the other half were bagged 2 d before pollination and then emasculated immediately before pollination. These crosses were conducted in the field and the greenhouse over the course of two flowering seasons.
Fruit set was recorded for each hand-pollination, and we counted the number of seeds per fruit and determined the average seed weight per fruit. For maternal plants that produced at least one selfed and one outcrossed fruit (10 and eight maternal families from greenhouse and field crosses, respectively), we weighed each seed individually and germinated them in May 2002. We randomized the positions of seeds in wells of sand-filled flats in a seed germinator set at 10-h days with day and night temperatures of 20.5°and 18.5°C, respectively. When the cotyledons emerged, we scored germination, recorded the date, and then transplanted the seedlings into flats of field-collected soil in the greenhouse.
In October 2002, we recorded seedling survival and transplanted 65 seedlings from four maternal families (two to 29 seedlings of each cross type per maternal plant) into 4-in pots filled with field-collected soil in the greenhouse. All four maternal families were derived from the greenhouse crosses. We also transplanted four to 29 seedlings of each cross type from each maternal plant (360 total seedlings) from 14 maternal families (eight from the field and six from the greenhouse crosses) into the field site where parents had been collected at St. Marks NWR. The sets of families planted in the field and in the greenhouse did not overlap ( fig. 1 ).
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For each flowering season, we recorded whether plants survived and flowered. For each plant that flowered, we also recorded the number of seeds produced by each CL flower and the number of ovules produced by each CH flower. We monitored progeny grown in the greenhouse for 2 yr (2003 and 2004) and those grown in the field for 3 yr (2003) (2004) (2005) . We estimated fecundity for each individual as the sum of CL seed and CH ovule production. We used CH ovule number rather than seed number to estimate fecundity because low rates of pollination of CH flowers in the field (C. G. Oakley, personal observation) would have substantially reduced our sample sizes.
Data Analysis
We conducted two separate analyses of overlapping data sets to assess inbreeding depression at the population level and to test for variation in inbreeding depression among maternal plants. Within each level of analysis, we also describe inbreeding depression for progeny grown in two different environments. For the analysis of population-level inbreeding depression, we compared components of fitness for selfed and outcrossed pollinations with data from maternal families pooled. Fruit set, average seed number per fruit, and average seed weight per fruit were compared using data from all pollinations. All other progeny fitness components were compared using only data from maternal plants that produced at least one fruit from each cross type ( fig. 1) . To test for variation in the effects of inbreeding among maternal plants, we conducted additional analyses comparing the fitness of selfed and outcrossed pollinations that included the maternal plant as a factor. These analyses necessarily included only data from maternal plants that produced at least one fruit from each cross type.
Unexpectedly, the location in which crosses were conducted had significant effects on some progeny traits (see ''Results''). We therefore included cross location (greenhouse or field) as a factor in our analyses of both population-and family-level inbreeding depression and report differences between outcrossed and selfed progeny components of fitness separately for greenhouse and field crosses.
Population-Level Fitness Differences
For the analysis of population-level differences in the fitness of selfed and outcrossed pollinations, we tested the effects of cross location, cross type (self or outcross), and their interaction on probability of fruit set, seed germination, and survival of progeny until transplanting, using categorical models (Proc CATMOD). Posttransplant progeny survival and probability of flowering were analyzed in separate categorical models for progeny grown in the greenhouse and field. Effects of cross location, cross type, and their interaction on natural logtransformed average number of seeds per fruit, average seed weight per fruit, and progeny fecundity (CL seeds þ CH ovules summed over the course of the experiment, for those plants Fig. 1 Schematic diagram of the experimental design. Crosses were performed on maternal plants in the field and greenhouse. Seeds from maternal plants that produced at least one fruit per cross type were germinated in the lab and raised in the greenhouse for 5 mo. Seedlings from eight maternal plants crossed in the field and six maternal plants crossed in the greenhouse were transplanted in the field. Seedlings from the four remaining maternal plants crossed in the greenhouse were transplanted to pots and grown in the greenhouse. Survival, probability of flowering, and fecundity were measured in both progeny environments. Fitness components in A were estimated for all crosses; fitness components in B were estimated only for offspring from maternal plants that produced seeds for both cross types.
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This content downloaded from 128.210.122.201 on March 01, 2017 10:52:57 AM that produced flowers) were determined by ANOVA (Proc GLM). Analysis of fecundity of greenhouse progeny excluded the effects of cross location and the interaction between cross location and type because all plants were from crosses performed in the greenhouse.
Family-Level Fitness Differences
To test for variation in the effects of inbreeding among families, we analyzed individual seed weight, probability of seed germination, survival before and after transplanting, probability of flowering, and fecundity of transplanted progeny that produced flowers, including data for only the 18 maternal plants that produced both selfed and outcrossed seed. We were unable to test for differences among maternal plants for fruit set or number of seeds per fruit because most maternal plants produced only one fruit per cross type. We analyzed natural log-transformed seed weight and fecundity of progeny in separate mixed-model ANOVAs (Proc MIXED) in which cross location, cross type, and their interaction were treated as fixed effects, and maternal plant nested within cross location and maternal plant by cross type nested within cross location were treated as random effects. The significance of each random effect was tested with a x 2 test of the difference in the À2 log-likelihood score between the full model and a model with one term removed, with 1 df (SAS 2000) . For probability of germination, progeny survival to transplanting, posttransplant survival, and probability of flowering, the effects of cross location, cross type, maternal plant nested within cross location, and maternal plant by cross type interaction nested within cross location were examined in categorical models (Proc CATMOD). Posttransplant survival and probability of flowering were analyzed separately for progeny grown in the field and in the greenhouse. The analysis of posttransplant survival and probability of flowering in the greenhouse environment did not include the effect of cross location because all maternal plants were from the greenhouse ( fig. 1 ). All analyses were performed with SAS, version 8.0 (SAS 2000).
Cumulative Fitness and Inbreeding Depression
Population-level cumulative fitness for progeny of each cross type was estimated separately for each cross location and progeny environment as the average total fecundity, including zero values for progeny that did not germinate, survive, and/ or reproduce. This measure is based on data for the 18 maternal plants that produced seeds from both cross types and does not include differences in fruit set or seed number per fruit because the low per-plant flower production of this species made accurate estimation of these components infeasible. Populationlevel inbreeding depression was calculated for each progeny fitness component and for cumulative fitness, for each cross location, and for greenhouse-and field-grown progeny as s ¼ 1 À W self =W outcross , where W self is the fitness of selfed progeny and W outcross is the fitness of outcrossed progeny.
To describe the variation in the effects of inbreeding among families, we used the average fitness for offspring from each cross type for each maternal family to calculate the relative performance (RP) for each family as RP family ¼ W family; outcross -À W family; self Þ=the larger of the two fitness estimates. This index ranges from À1 to 1, giving equal weight to inbreeding and outbreeding depression (Å gren and Schemske 1993; Pico et al. 2004 ). We also used our family-structured data to calculate confidence intervals around our population-level estimates of inbreeding depression, using the method of Johnston and Schoen (1994) .
Results
Autogamy and Effects of Emasculation
Of the 62 flowers that underwent control emasculations, none set fruit, confirming that the fruits from outcross pollinations were not the result of accidental selfing. Fruit set for flowers subjected to the early emasculation treatment (35%) was considerably lower than for the late emasculation treatment (51%), although the difference was not statistically significant (x 2 ¼ 2:38, df ¼ 1, P ¼ 0:12). Of the 92 flowers bagged for estimation of autogamous selfing, only one set fruit, indicating <2% autogamy of CH flowers.
Fitness Components for Selfed and Outcrossed Pollinations
Twenty-two plants in the greenhouse and 41 in the field produced seeds from at least one cross type. Self-pollinations were much more likely to set fruit than outcross pollinations for the field pollinations only (table 1), but neither cross location, cross type, nor their interaction had significant effects on fruit set (table 2) . Likewise, the number of seeds per fruit was not significantly different between fruits produced by selfed and outcrossed pollinations (F 1; 90 ¼ 0:15, P ¼ 0:70; table 1), and it did not differ between the two cross locations (F 1; 90 ¼ 3:18, P ¼ 0:08). Cross location and cross type did not interact significantly (F 1; 90 ¼ 0:15, P ¼ 0:70). Average seed weight per fruit was significantly greater for crosses conducted in the greenhouse than for crosses conducted in the field (F 1; 90 ¼ 4:17, P ¼ 0:04; table 1), but neither cross type (F 1; 90 ¼ 0:13, P ¼ 0:72; table 1) nor the cross location by cross type interaction (F 1; 90 ¼ 1:27, P ¼ 0:26) had a significant effect. Cross location and the cross type by cross location interaction significantly affected probability of germination (table 2). Analyzed separately by cross location, the probability of germination for seeds from the greenhouse crosses was significantly greater for outcrossed than for selfed seeds (x 2 ¼ 7:56, df ¼ 1, P ¼ 0:006; table 1), but the probabilities of germination for outcrossed and selfed seeds derived from crosses conducted in the field did not differ significantly (x 2 ¼ 0:23, df ¼ 1, P ¼ 0:63; table 1). Ninety-four percent of seedlings survived to the time of transplanting (table 1). Neither cross location nor cross type significantly affected survival to transplanting, but the interaction was marginally significant (table 2). Separate analyses for the two cross locations indicated no significant effect of cross type for the field crosses (x 2 ¼ 0:08, df ¼ 1, P ¼ 0:78; table 1), but outcross progeny from the greenhouse crosses had a significantly greater probability of survival to transplanting than did selfed progeny (x 2 ¼ 5:87, df ¼ 1, P ¼ 0:02; table 1). Only one transplant raised in the greenhouse failed to survive and reproduce, and selfed and outcrossed progeny did not differ significantly for either posttransplant survival or probability of reproducing (tables 1, 2). In the greenhouse, outcross progeny had, on average, 11% greater fecundity than did self-progeny, though this difference was not significant (F 1; 61 ¼ 2:61, P ¼ 0:11). For progeny raised in the field, cross location, cross type, and their interaction did not significantly affect posttransplant survival, probability of reproducing (table  2) , or fecundity (results not shown), although, averaged across cross locations, outcrossed progeny had 6% greater survival, were 24% more likely to reproduce, and had 44% greater fecundity than did self-progeny (table 1) .
Variation among Families in Fitness Components of Selfed and Outcrossed Pollinations
For the 18 maternal plants that produced seeds from both cross types, cross type did not significantly affect average individual seed weight, but seeds produced by crosses made in the greenhouse were significantly larger than those produced in the field (table 3). The effect of maternal plant on seed weight was marginally significant, and there was a significant interaction between maternal plant and cross type (table 3). For germination, the effects of maternal plant nested within cross location and maternal plant by cross type interaction nested within cross location were highly significant (table 4). Survival to transplanting was not significantly affected by any variable (table 4). For the four maternal families grown in the greenhouse, maternal plant, cross type, and their interaction did not significantly affect posttransplant survival or probability of flowering (results not shown). For the progeny grown in the field, maternal plant nested within cross location was the only significant effect for both probability of flowering and posttransplant survival (table  4) . Cross type, maternal plant, and their interaction did not significantly affect fecundity of plants grown in the greenhouse or in the field (results not shown).
Inbreeding Depression and RP
Stage-specific estimates for inbreeding depression were small and sometimes negative for all fitness components except progeny probability of flowering in the field and fecundity. Fecundity was the only stage at which estimates of inbreeding depression were consistently positive for all cross locations and progeny environments (table 1) . Population-level inbreeding depression for cumulative fitness was estimated to be 48% for progeny derived from crosses performed in the greenhouse and raised in the greenhouse. For progeny raised in the field, population-level inbreeding depression was 25% for crosses performed in the greenhouse and 56% for crosses performed in the field. Ninety-five percent confidence intervals (CIs) for each of these estimates included 0, except for the plants from field crosses grown in the field (95% CI ¼ 0:09-1:03).
Maternal families differed widely in cumulative RP ( fig. 2 ). For plants from the greenhouse crosses grown in the greenhouse, estimates ranged from À0.23 to 0.67 ( fig. 2, open bars) . For plants from the greenhouse crosses grown in the field, estimates ranged from À0.64 to 0.89 ( fig. 2, hatched bars) . For plants from the field crosses grown in the field, the range was À1.0-0.97 ( fig. 2, solid bars) .
Discussion
We found evidence of moderately large cumulative inbreeding depression (average ¼ 43%, range 25%-56%), although estimates for most life cycle stages were not significantly different from zero. This estimate is considerably larger than the two existing estimates of inbreeding depression for CL species of À41% (Trapp and Hendrix 1988) and 10% (Culley 2000) and greatly exceeds the negative value expected on the basis of the average 12% greater fitness of cleistogamous-than of chasmogamous-derived progeny based on data from 14 species (Oakley et al. 2007 ).
Germination and early survival for the greenhouse crosses were the only components of fitness for which selfed and outcrossed progeny differed significantly, but the larger estimates of inbreeding depression later in the life cycle match expectations for primarily selfing species (Husband and Schemske 1996) . The observed absence of significant differences between self and outcross progeny at these later stages may be the result of reduced statistical power caused by diminishing sample sizes.
For a different perennial violet, Culley (2000) found no significant differences in components of fitness for selfed and outcrossed progeny except for 14% greater biomass of outcrossed progeny at 18 wk. Increasing magnitude of inbreeding depression through the life cycle in both her study and ours is consistent with the expected ability to purge early-acting lethal alleles but not later-acting and/or more mildly deleterious mutations (Husband and Schemske 1996) . Because Viola septemloba can live for eight or more years, inbreeding depression over the full lifetime may be greater than what we measured for 2-3 yr, both because later-expressed inbreeding depression may be stronger and because inbreeding depression can accumulate over the lifetime (Morgan et al. 1997) . It should also be noted that our use of CH ovule number instead of CH seed production to estimate fecundity could bias our estimates of inbreeding depression if the rates of fertilization and seed set of CH flowers of plants derived from selfed seeds differ from those of CH flowers of plants derived from outcrossed seed.
Greater survival (greenhouse mean ¼ 98%, field mean ¼ 64%) and fecundity (greenhouse mean ¼ 526, field mean ¼ 44) of progeny raised in the greenhouse than of those raised in the field confirm that the greenhouse was a more benign environment. The qualitatively greater inbreeding depression we observed for probability of flowering and fecundity in the field relative to the greenhouse is therefore consistent with stronger expression of inbreeding depression in a more stressful environment (Dudash 1990; Armbruster and Reed 2005) . One caveat to this conclusion is that, because different sets of maternal lineages were grown in the greenhouse and in the field, we cannot separate the effects of the environment from the effects of maternal lineage. We also note that, because all progeny were germinated in a growth chamber and started in the greenhouse, the comparison of inbreeding in the two environments does not include potential differences at these early life cycle stages.
Surprisingly, not only did the rearing environment of progeny influence the expression of inbreeding depression but the maternal environment appeared to as well. Significant differences between selfed and outcrossed progeny for both germination and survival to transplanting were found for progeny from greenhouse crosses but not for progeny from field crosses (tables 1, 2). It should be noted that when analyses included the effects of maternal plants, the cross location by cross type interaction was no longer significant, indicating that variation among maternal plants may be of greater importance than cross location with respect to the fitness of resulting progeny. We found evidence of significant family-level variation in the effect of cross type on some early components of progeny fitness (tables 3, 4, maternal plant by cross type interactions), and differences in cumulative RP among families was substantial ( fig. 2) . Differences among families in the effect of cross type on natural log-transformed fitness components have been demonstrated in several species that are not cleistogamous (Å gren and Schemske 1993; Pico et al. 2004) and are necessary, but insufficient, evidence for genetic variation for inbreeding depression (Johnston and Schoen 1994) . Maternal effects, differences in maternal inbreeding history, and several different genetic mechanisms can result in differences in the effect of cross type among families and may be misinterpreted as genetic variation for inbreeding depression (Fox 2005 
Role of Inbreeding Depression in the Maintenance of CH Reproduction
Our overall estimate of inbreeding depression is below the 50% threshold necessary to maintain outcrossing in general models of mating-system evolution. This threshold is likely to be even higher for cleistogamous species because selfing by means of CL flowers provides additional advantages from greater fruit set and greater energetic economy. In a review of cleistogamous species, Oakley et al. (2007) reported that CL flowers were three times more likely to set fruit than CH flowers and were only half as costly to produce. Undoubtedly, inbreeding depression contributes to maintenance of CH reproduction by balancing some of the advantages of CL selfing, but it is clearly not sufficient to maintain CH flower production on its own. Lu (2002) has suggested that the production of CH flowers can be maintained despite the economy of CL reproduction and modest population-level inbreeding depression if lines that have purged deleterious mutations through several successive generations of CL selfing then benefit from heterosis upon outcrossing, which can be accomplished only by CH reproduction. Data for the cleistogamous annual Impatiens capensis indicating greater ovule fertilization rates for crosses between inbred parents than between those derived from recent outcrossing are qualitatively consistent with Lu's model (Lu 2002) , but a quantitative evaluation would require estimating the full magnitude of heterosis in progeny from crosses between inbred lines relative to inbreeding depression in their progeny produced through CL selfing.
Although our estimate of inbreeding depression for V. septemloba exceeds estimates previously reported for cleistogamous species, it does not explain the maintenance of CH outcrossing. Empirical tests of Lu's (2002) hypothesis may provide evidence for an additional advantage of CH outcrossing that is missing from our current understanding of what maintains mixed mating in cleistogamous species. Additionally, because genetic variation in inbreeding depression and selfing rates can play important roles in mating-system evolution, future studies to quantify the extent of genetic variation for the expression of inbreeding depression among families (Kelly 2005) and to describe the genetic basis for variation in the proportion of flowers that are cleistogamous should further elucidate the forces that maintain CH outcrossing. 
